The first Gaia Data Release presents an opportunity to characterise the low-mass population of OB associations, providing larger statistical samples and better constraints on the formation and evolution of clusters and associations. Using previously known low mass members in a small region of Vela OB2 we have designed selection criteria that combine Gaia and 2MASS photometry, independently of any astrometric information, to identify low-mass pre-main-sequence (PMS) stars over the wider association area. Our method picks out the known clusters of young stars around γ 2 Velorum and NGC-2547, but also identifies other over-densities that may represent previously unknown clusters. There are clear differences in the spatial distributions of the low-mass and the high-mass OB populations, suggesting either that the structure and dynamics of these populations has evolved separately or that the initial mass function can vary considerably on small scales within a single association.
Introduction
OB associations are gravitationally unbound groups of OB stars sharing a common motion through space (Blaauw 1964) . They make attractive subjects for studies of star formation and evolution due to their proximity to regions of ongoing star formation. Data from the Hipparcos satellite (Perryman et al. 1997) has allowed the study of the kinematics of bright stars in these associations (de Zeeuw et al. 1999) , but these are only the most massive members and a small fraction of the total stellar population, assuming it follows a classic Initial Mass Function (IMF). Much is obscure about the population of low-mass stars in associations. To what extent do their positions and velocities correlate with those of the OB stars, how do they evolve, and which processes are responsible for this evolution?
Several hypotheses have been proposed to explain the origins of OB associations. The foremost being that associations are the remnants of originally dense, but since dispersed star clusters. They are produced when young O-and B-type stars sweep away their parental molecular cloud, and from this loss of binding mass, the newly formed stars become gravitationally unbound (Hills 1980; Lada et al. 1984; Lada & Lada 2003) . However, recent kinematic studies have not found the radial expansion patterns predicted by such models (Wright et al. 2016; Wright & Mamajek 2018 ). Another hypothesis is that associations are made up of a continuous distribution of stars at both low and high density, such that high-density regions collapse to form bound clusters while low-density regions disperse as unbound associations (Kruijssen 2012) . To account for associations often being composed of smaller subgroups of differing ages, Elmegreen & Lada (1977) proposed a sequential formation model where an ionization shock from newly formed OB stars is driven into a molecular cloud, compressing material and triggering a new generation of star formation. This new group of stars can begin the process over again in a chain reaction, until the cloud is dispersed and the association is left.
An up-to-date picture of a nearby association, making use of the newest data to identify as much of its population as possible, may lead to a clearer understanding of association evolution and the determination of a likely formation scenario. Vela OB2 is an association at a mean distance of 410 ± 12 pc, containing 93 OB stars based on Hipparcos positions and proper motions spread over an area of ∼ 100 deg 2 (de Zeeuw et al. 1999) . The brightest object in the association is γ 2 Velorum, a spectroscopic binary composed of a massive O star and a Wolf-Rayet star(28.5 ± 1.1M , 9 ± 0.6M , North et al. 2007) , projected against the centre of the association. The ∼ 1 square degree around γ 2 Velorum is known to contan a rich population of low-mass pre-main sequence (PMS) stars (Pozzo et al. 2000; Jeffries et al. 2009 Jeffries et al. , 2014 .
In this letter we use Gaia Data Release 1 (Gaia Collaboration et al. 2016b,a) and 2 Micron All-Sky Survey (2MASS M. Cutri et al. 2003) photometry to identify the wider low- (2012), parallaxes for 86 stars from Gaia DR2 (Luri et al. 2018 ) and dereddened by A V = 0.131 mag (Jeffries et al. 2014) . For the 7 high-mass stars without DR2 parallaxes, the median parallax value of the sample was used. Also plotted are 10 and 20 Myr isochrones from Ekström et al. (2012) for stars with Z = 0.014, using bolometric corrections (BCs) for B type stars from Pecaut & Mamajek (2013) . mass stellar population of Vela OB2, with the aim of investigating its structure, traced by the more numerous low-mass stars. We use the detailed spectroscopic investigation of stars immediately around γ 2 Vel (Jeffries et al. 2014; Prisinzano et al. 2016 ) to define photometric selection criteria capable of identifying low-mass PMS stars with minimal contamination. These criteria are applied to the much wider Vela OB2 region to map the spatial distribution of the low-mass population and compare it to that of the high-mass members.
2 Data Analysis 2.1 Estimating the size of the low-mass population of Vela OB2
In order to estimate the total stellar mass and expected low-mass population of Vela OB2, we created model populations using the Maschberger (2013) IMF (with lower mass limit 0.01M , upper mass limit 150M , high-mass exponent α = 2.3, low-mass exponent β = 1.4) to match the high mass population from de Zeeuw et al. (1999) .
To estimate the completeness of the high-mass stellar sample in stellar mass we plotted the 93 OB members of Vela OB2 against isochrones from Ekström et al. (2012) in a B-V vs Mv colour-magnitude diagram, using Gaia DR2 parallaxes, which are available for 86 objects (for the remainder we use the median parallax of the sample), see Figure 1 . Seven stars with significantly higher B-V values (likely latetype contaminants) were excluded from this sample, as well as 4 stars with Gaia DR2 parallaxes significantly higher or lower than the rest of the sample. Based on the remaining association members relative to the isochrones we estimate the sample completeness limit to be at ∼ 2.5M (the turnover point in the observed luminosity function), with 72 of the 82 remaining OB stars being at least this massive.
Ten thousand stellar populations were randomly generated using the Maschberger (2013) IMF, sampling until 72 stars with M > 2.5M were produced, and then noting the total number of stars and total mass of the population for each iteration. The median number of stars with M > 0.1M in a randomly generated population was 1965 ± 228 and the median total mass was 1285 ± 110M . Jeffries et al. (2014) and Prisinzano et al. (2016) found only 278 PMS likely cluster members in the 0.9 degree 2 area around γ 2 Vel with a ∼ 90% complete sample. Thus, assuming that the whole population of Vela OB2 follows a standard IMF (Maschberger 2013) , this suggests there are ∼ 1700 association members yet to be identified in the wider area of the association.
Searching for the low-mass population of Vela OB2
We compiled a list of all objects within the area around the known OB members of Vela OB2 (254
• < b < 1 • ) included in both Gaia DR1 and 2MASS catalogues, with a 2MASS photometic quality flag grade of 'AAA', contamination flag grade of '0', and with uncertainties in J, H and K-band magnitudes < 0.05 mag . These were then matched to Gaia sources with a matching radius of 0.5 arcseconds, giving a total of 1,028,483 objects.
These objects were filtered through selection boxes in G-K vs G and H-K vs J-H diagrams. Fig. 2a shows objects in our sample within the 0.9 degree 2 area around γ 2 Vel in the G-K vs G diagram (green), with an illustrative 10 Myr isochrone from Baraffe et al. (2015) , at a distance modulus of 7.76 and reddened by AV = 0.131 mag (Jeffries et al. 2014) . Objects spectroscopically characterised as young stars by Jeffries et al. (2014) and Prisinzano et al. (2016) are identified, as are objects spectroscopically confirmed to be contaminating field stars. The previously identified objects form a clear PMS in Fig.2a . The selection box is designed to select this sequence but exclude the extensive contamination at brighter magnitudes. 138 members (red in Fig. 2 ) and 22 non-members (blue in Fig. 2 ) from Jeffries et al. (2014) and Prisinzano et al. (2016) appear in this selection box. A second selection in the H-K vs J-H diagram was used to filter out any remaining contaminating giants. The H-K vs J-H diagram in Fig. 2b shows the same objects as in the G-K vs G diagram. Distant giants will be reddened away from the PMS stars in this diagram and so we employ the selection box indicated to select just the PMS stars. Combining these two selection methods allows the selection of young, low-mass stars with a much lower rate of contamination. 81 spectroscpically probable members and 4 confirmed non-members appear within both selection boxes. This photometric selection method may exclude PMS stars with substantial accretion disks that may be anomalously red in H-K, however only a very small percentage (<10%) of PMS stars around γ 2 Velorum were found to have disks and the H-K and J-H colours of most of those would be unaffected (Hernández et al. 2008) .
To extend this selection process to the wider area Figure 2 . Lef t : G-K vs G colour magnitude diagram of objects with both Gaia and 2MASS photometry (green) within a 0.9 degree 2 area around γ 2 Velorum, spectroscopically identified young stars (red) and field stars (blue) (Jeffries et al. 2014; Prisinzano et al. 2016) . Also shown is a 10 Myr PMS isochrone from Baraffe et al. (2015) at a distance modulus of 7.76 and reddened by A V = 0.131 mag, as well as our selection box for PMS stars. Right : H-K vs J-H colour-colour diagram for the same objects. Objects located inside the G-K vs G box are marked with crosses. A 10 Myr PMS isochrone from Baraffe et al. (2015) and a second selection box are shown.
of Vela OB2, where contaminant levels may differ from that in the immediate area of γ 2 Velorum, we use data generated by the Besancon Galaxy Model (Robin et al. 2003) to estimate the number of contaminants in our selection boxes (we do this rather than use control fields because it is not clear where one would place a control field given the extended young population in this area). 80 one square degree area samples of model data were taken in the ranges l = 255, 270 and b = -15, 0 deg and a V-I to G-V conversion from Jordi et al. (2010) was used to produce Gaia-band (G) photometry. Both selection tests were applied to each sample and the numbers of objects passing both tests for each sample give a mean contaminant level of ∼ 9.9 ± 2.6 deg −2 , reasonably consistent with the number of spectroscopic non-members found within the 0.9 degree 2 area around γ 2 Velorum by Jeffries et al. (2014) and Prisinzano et al. (2016) . ∼ 98% of selected Besancon model objects are at distances < 200 pc and are main sequence M-dwarfs in the foreground of Vela OB2. The density map and the structures resolved in it are discussed in more detail in Section 2.3. We calibrate this contamination level with the known contamination rate from Jeffries et al. (2014) .
In order to remove contamination from the older and more distant NGC 2547 cluster (age ∼ 35 Myr, Jeffries & Oliveira 2005, distance modulus 8.10, Naylor et al. 2002) we match known cluster members from Jeffries et al. (2004) to Gaia DR1 and 2MASS and perform the same photometric selection tests. 30 NGC 2547 members pass both tests and thus contribute to contamination in our sample. Accounting for the incompleteness of this sample using the incompleteness estimates in Jeffries et al. (2004) , we subtract these sources from the relevant areas of the density map in Fig.3 . Jeffries et al. (2004) estimate that ∼ 100 members of NGC 2547 exist beyond the area of their observations. Based on the fraction of Jeffries et al. (2004) sources that passed our selection tests, we estimate that only 6% of these will appear in the density map. Their contribution is therefore not significant. PMS evolutionary tracks from Baraffe et al. (2015) were plotted in a G-K vs G colour-magnitude diagram converted from log L and log T ef f using BC values for young stars from Table 6 of Pecaut & Mamajek (2013) , a V-I to G-V conversion from Jordi et al. (2010) , alongside our G-K vs G selection box. The selection box was estimated to select stars in the mass ranges 0.45M > M > 0.17M for a 10 Myr isochrone and 0.39M > M > 0.16M for a 20 Myr isochrone. The mean number of stars in these mass ranges produced in our randomly generated populations was 815 and 788 stars respectively.
We then calculate the numbers of PMS stars shown in the density map. 4882 Gaia+2MASS sources are selected in total, giving 995 PMS stars after applying the background subtraction. The differences between our IMF predictions and density map estimations are reasonable given the uncertainty over the low-mass form of the IMF. IMF uncertainty in the mass range of selected stars and the possibility that some contamination from an older population remains.
The spatial distributions of high-and low-mass populations
In our low-mass PMS star density map shown in Fig. 3 , the γ 2 Vel cluster is detected and appears as the region of greatest density of young low-mass stars in the association. After specifically removing the NGC 2547 cluster, there remains a lower-density extended population around γ 2 Vel and towards the galactic plane. Two other regions of high density appear at (l = 260.25
• , b = -10.25
• ) and (l = 259.0
• ), but otherwise the low-mass population appears to be spread sparsely over the Vela OB2 association, albeit with considerable substructure. Notably, the open cluster IC 2395 located at (l = 266.63
• , b = -3.58
• ) at a distance of 800 pc and of comparable age to Vela OB2 (9 ± 3 Myr, Balog Figure 3 , indicating that our selection method is effective in excluding young objects at much greater distances.
It is clear from Figure 3 that the high-mass stars are not preferentially located in areas with high densities of low-mass stars. The two dense regions at (l = 260.25
• , b = -3.25
• ) have no high-mass stars within them, whilst the high-mass stars at the lowest latitudes appear isolated from the low-mass population. The latter may be associated with the star forming region RCW38 in the galactic plane, though younger regions near the galactic plane are unlikely contaminants because they will be reddened out of the H-K v J-H selection box, but the former region appears to be a previously-unknown cluster of low-mass stars.
In order to estimate a statistical significance to the difference in the distributions of the high-and low-mass populations in Fig.3 , a two sample Kolmogorov-Smirnov test was performed on the projected YSO density distributions of the high-and low-mass populations. We calculate the cumulative distribution of YSO densities upon which the highand low-mass stars are projected. The cumulative distributions calculated are plotted in Figure 4 , showing that the high-mass stars are preferentially projected against regions of low density compared to the low-mass stars, with a KStest P-value of 0.0077. More than∼ 26% of the high-mass stars are projected against cells with low-mass PMS stellar densities of 0.
Finally we note that the methods employed here could lead to the inclusion of stars with notably different asges and distances that still fall in our selection boxes, however this requires these parameters to fall in a relatively narrow range (as evidenced by the absence of IC 2395 in our density map). If a population of stars exists in this parameter space range it could bias our results, but we consider this to be unlikely. Sacco et al. (2015) found 15 stars with similar kinematics and age to the γ 2 Vel cluster members identified by Jeffries et al. (2014) , but located 2 degrees (∼ 10 pc) from γ 2 Velorum, well outside the area studied by Jeffries et al. (2014) , and speculated that they might belong to a widespread PMS star population associated with Vela OB2. They also commented on the discrepancy between the total mass of the cluster (∼ 100M ) and the total cluster mass predicted by the mass of γ 2 Velorum alone (∼ 1000M Weidner et al. 2010) . Damiani et al. (2017) also identified multiple proper motion populations within the higher-mass members of Vela OB2 that they associated with γ 2 Vel and NGC 2547. Figure 3 shows that our photometric selection has detected a widespread population across the whole area of the association, confirming the speculation of Sacco et al. (2015) . The agreement between the numbers of PMS stars found in this mass range and the numbers predicted by a standard IMF suggest we have identified the spatial distribution of the low-mass content of Vela OB2. It shows notable concentrations around γ 2 Vel and the NGC 2547 cluster, but Fig.  4 shows that in general the high mass stars are not closely correlated with the location of the PMS stars.
Discussion
There are two basic possibilities: (a) either the highmass stars were born in relative isolation -in regions with IMFs that are quite different to the canonical IMF; or (b) the high mass stars have moved away from the low-mass population (in many cases) on timescales of ∼ 10 Myr.
The evidence for the success of this photometric selection method in identifying stars in a narrow range of distance and age demonstrates its potential usefulness for identifying stellar populations in other regions, given a pre-existing sample to calibrate the selection criteria. In particular, other nearby associations with samples of known members may be studied in similar detail to this study, allowing us to learn about the distribution and structure of low-mass populations in multiple associations.
The second Gaia Data Release provides parallaxes and proper motions for 1.3 billion stars that will allow the spatial and kinematic structure of Vela OB2 to be probed in more detail (e.g., Beccari et al. 2018; Franciosini et al. 2018 ), which will allow a reduction of the two aforementioned scenarios. This paper has been typeset from a T E X/ L A T E X file prepared by the author.
